In this article, expanded vermiculite (EV)-enhanced polyurethane foam bionic composites inspired by pomelo peel is proposed. The columnar lattice structure mold is employed to constitute the periodic interface structure and gradient foam structure, and the nylon nonwoven fabric is combined as the surface layer. The effects of EV content on the thermal, compression, and dynamic cushion properties of bionic composites are investigated. Results show that residual char increases with EV content, which conduces to decrease the release of heat flow. The proposed bionic composite with columnar lattice structure has optimal compressive modulus, energy absorption and dynamic cushion efficacy when 1 wt% EV is added. However, its performance decreases slowly when EV fillers are continuously added because the cell morphology is changed from round to irregular shape and the interfacial adhesion of filler-matrix is weakened. Owing to their unique bionic structure, composites can absorb 99% of the energy impacted by flat impactor within a smaller deformation and achieve 97% absorption efficiency for a hemispheric impactor in cushion test.
Introduction
Polyurethane (PU) foam has a porous structure, low production cost, easy processing, and good controllability, all of which make it a superior candidate for cushioning materials. Such composites
Step 1: For upper layer foam, the polyether polyol and MDI with a weight ratio of 4:1 were blended at 1200 rpm for 15 s at room temperature and normal atmospheric pressure according to the previous literature [20] . Next, the mixture was infused quickly into a square mold (300 × 300 ×10 mm 3 ), where a specific mold of columnar lattice structure is applied, and then covered with nylon nonwoven fabric as surface layer before the lid is sealed, as seen in Figure 1 . The column diameter was 16 mm, column height was 5 mm, and plate thickness was 5 mm.
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Step 2: The product of Step 1 was placed in the square mold instead of the specific mold. Afterwards, the mixture of polyether polyol with various EV contents and MDI were infused before the mold was sealed. The ratio of upper and lower foam volumes was 1:1. In the experiment, different composites were obtained by changing the EV content from 0 wt% to 3 wt%, denoted as NPUH/L, NPUH/L(EV0.5), NPUH/L(EV1), NPUH/L(EV2), and NPUH/L(EV3), where the digit denotes the EV content. Table 1 lists the specifications of the bionic composites. Note: Expanded vermiculite (EV) is only added to the low-density foam matrix.
Testing
The microstructure of PU foam was observed with a scanning electron microscope (SEM, TM-3030, HITACHI, Tokyo, Japan) at 30 kV. Thermogravimetric analysis (TGA) was performed using TG 209F3 (NETZSCH, Bavaria, Germany) under nitrogen and air atmospheres. Samples with weight of about 5 mg were heated on platinum pans from 50 °C to 700 °C, with the heating rate 20 °C/min. Differential scanning calorimetry was performed using DSC 200F3 (NETZSCH, Bavaria, Germany) under nitrogen and air atmospheres. Samples with weight of about 6 mg were heated from 50 °C to 400 °C with the heating rate 20 °C/min. The Fourier transformed infrared spectroscopy (FTIR Frontier, Nicolet, Thermo Fisher Scientific, Waltham, MA, USA) with an attenuated total reflectance (ATR) accessory under unforced condition was used for the functional group analysis. The FTIR spectra were obtained from 32 scans with a resolution of 4 cm −1 . A stereomicroscope (SMZ-10A, NIKON, Tokyo, Japan) was used to observe the morphology of the fractured surface of samples in order to analyze the structure. The compression test was implemented at a rate of 10 mm/min using a universal testing machine (HT-2402, HongTa Instrument, Taiwan) as specified in ASTM D1621-16. The drop-weight impact tester applied in cushion test was manufactured by Xin Zhi Electronic Automation Company in Taiwan as shown in Figure 2 . The impactor was released from a specified Step 2: The product of Step 1 was placed in the square mold instead of the specific mold. Afterwards, the mixture of polyether polyol with various EV contents and MDI were infused before the mold was sealed. The ratio of upper and lower foam volumes was 1:1. In the experiment, different composites were obtained by changing the EV content from 0 wt% to 3 wt%, denoted as NPUH/L, NPUH/L(EV0.5), NPUH/L(EV1), NPUH/L(EV2), and NPUH/L(EV3), where the digit denotes the EV content. Table 1 lists the specifications of the bionic composites. 
The microstructure of PU foam was observed with a scanning electron microscope (SEM, TM-3030, HITACHI, Tokyo, Japan) at 30 kV. Thermogravimetric analysis (TGA) was performed using TG 209F3 (NETZSCH, Bavaria, Germany) under nitrogen and air atmospheres. Samples with weight of about 5 mg were heated on platinum pans from 50 • C to 700 • C, with the heating rate 20 • C/min. Differential scanning calorimetry was performed using DSC 200F3 (NETZSCH, Bavaria, Germany) under nitrogen and air atmospheres. Samples with weight of about 6 mg were heated from 50 • C to 400 • C with the heating rate 20 • C/min. The Fourier transformed infrared spectroscopy (FTIR Frontier, Nicolet, Thermo Fisher Scientific, Waltham, MA, USA) with an attenuated total reflectance (ATR) accessory under unforced condition was used for the functional group analysis. The FTIR spectra were obtained from 32 scans with a resolution of 4 cm −1 . A stereomicroscope (SMZ-10A, NIKON, Tokyo, Japan) was used to observe the morphology of the fractured surface of samples in order to analyze the structure. The compression test was implemented at a rate of 10 mm/min using a universal testing machine (HT-2402, HongTa Instrument, Taiwan) as specified in ASTM D1621-16. The drop-weight impact tester Figure 2 . The impactor was released from a specified height of 250 mm and drops along a guided column onto the specimen (100 × 100 mm 2 ) placed on the anvil. The weight of the impactor was 8 kg and it was made of polished steel with a flat and hemisphere impactor. The contact force applied to bionic composites was studied by measuring the force during the impact test using load cell placed on top of impactor as specified in ASTM D1596-14. Five samples for each specification were used for the tests.
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Results and Discussion

Structural Features of the Pomelo Peel and Bionic Composites
As shown in Figure 3a , the cross section of the pomelo peel reveals that that the exocarp is mainly composed of three parts: the foam-like structure, outer skin, and fiber bundles [15] . The large volume fraction of the peel is taken by internal foam-like structure with a gradual increase in the cell size from the outside toward the inside. Furthermore, fiber bundles are distributed periodically from the outer skin towards the foam-like structure. Figure 3b ,c show that two kinds of PU foam bionic composites with different interfacial structure are prepared by the two-step foaming, following the structure of pomelo peel. The structure of Figure 3b is named columnar lattice structure and that in Figure 3c is named parallel structure. These bionic composites are composed of the nylon nonwoven fabric as the surface layer, high-density PU foam as the upper layer, and low-density PU foam as the lower layer. The microstructure of PU foam is a gradient structure as shown in Figure 3d ,e; the cavity of high-density PU foam is 220 μm and the case for low-density PU foam is 600 μm. 
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Quasi-Static Compression and Dynamic Cushioning Properties of the Pomelo Peel and Bionic Composites
Effect of EV Content on Morphology of Lower Layer Foam
When insoluble solid particles are added into the polymer system, a dispersed phase of an insoluble solid occurs, with the exception of the homogeneous gas-liquid system. At this point, both for this phenomenon is the interfacial structure. The columnar lattice structure leads to an earlier transition as demonstrated in Figure 4a . The compression strength of the pomelo is only 40 kPa at the strain of 40%; the case for parallel structure and columnar lattice structure is 100 and 136 kPa, respectively. The impact signal of Figure 4b shows that the conclusion for dynamic cushion is consistent with the quasi-static compression. The contact force of the pomelo peel reached 5553 N within 7.14 ms, bionic composite with parallel structure reached 4498 N within 13.99 ms, and the columnar lattice structure reached 4115 N within 14.26 ms. The results indicate that the bionic composite with columnar lattice structure absorbed more impact energy of the impactor according to the theorem of momentum [22] , resulting in the attenuation of the impact force between the impactor and steel plate and prolongation of impact duration. The propagation characteristic of stress wave in the foam medium with columnar lattice structure, except for the wave front, is different from that of the parallel structure. The transmission of wave stress in the interfaces of the columnar lattice and parallel structure are different from the case of a homogeneous foam medium. The reflection and transmission of plane stress waves on the interface are shown in Figure 5 . The interfaces of the columnar lattice can prolong the propagation path of wave stress and increase the reflection from the longitudinal and transverse stress wave, resulting in that the stress wave can be more fully absorbed and transformed. Furthermore, the wave front in columnar lattice structure was decayed more when compared to the parallel structure. The interface of parallel structure can only reflect the longitudinal stress wave, while the columnar lattice structure can reflect the longitudinal and transverse stress wave, as demonstrated in Figure 5 . Hence, the complex propagation path and reflection of transverse stress on the lattice interfaces between upper and lower foam decay the wave front [23] . Furthermore, the minimum acceleration (only 52 g) of the bionic composite with columnar lattice structure also demonstrated the greatest cushioning property. 
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When insoluble solid particles are added into the polymer system, a dispersed phase of an insoluble solid occurs, with the exception of the homogeneous gas-liquid system. At this point, both homogeneous and heterogeneous nucleation occur [24] . The bubble nucleus is generated on the interface between the polymer and solid particles when the latter are dispersed in polymer [25] . The microstructure of foams with different EV contents is observed according to the above principles, as shown in Figure 6 .
Polymers 2018, 10, x FOR PEER REVIEW 6 of 13 interface between the polymer and solid particles when the latter are dispersed in polymer [25] . The microstructure of foams with different EV contents is observed according to the above principles, as shown in Figure 6 . The morphology and pore diameter distribution of lower foams with different EV contents in the same internal hole location are displayed in Figure 6 . Figure 6a -e illustrate that the amount and distribution of EV fillers are also crucial factors for obtaining foam cells with a controlled structure and uniform distribution [26] . With the increase in EV content, the pore diameter decreases and the pore distribution narrows, owing to the increased viscosity of polyol. Furthermore, the presence of EV fillers still decreases the energy barrier of cell nucleation and urges the nucleation to occur at the filler-polymer interface [24] . Meanwhile, the increased bubbles start to nucleate concurrently, which causes less gas available for bubble growth [27] . Therefore, the addition of EV particles induces heterogeneous nucleation, provides a large number of nucleation sites, and leads to a small average cell size and narrows cell size distribution. Figure 6f indicates that EV content increases from 0 wt% The morphology and pore diameter distribution of lower foams with different EV contents in the same internal hole location are displayed in Figure 6 . Figure 6a -e illustrate that the amount and distribution of EV fillers are also crucial factors for obtaining foam cells with a controlled structure and uniform distribution [26] . With the increase in EV content, the pore diameter decreases and the pore distribution narrows, owing to the increased viscosity of polyol. Furthermore, the presence of EV fillers still decreases the energy barrier of cell nucleation and urges the nucleation to occur at the filler-polymer interface [24] . Meanwhile, the increased bubbles start to nucleate concurrently, which causes less gas available for bubble growth [27] . Therefore, the addition of EV particles induces heterogeneous nucleation, provides a large number of nucleation sites, and leads to a small average cell size and narrows cell size distribution. Figure 6f indicates that EV content increases from 0 wt% to 3 wt% and pore sizes decrease from 110 µm to 68 µm. This finding is similar to the results previously reported for PMMA-carbon nanotube nanocomposite foams [28] . However, when the EV content is higher than 1 wt%, excessive EV fillers that served as nucleating agent dramatically increase the heterogeneous nucleation rate, decrease the nucleation time interval, and hence facilitate the almost instantaneous growth of cell size. Furthermore, the nucleation sites are unevenly distributed due to the agglomeration of the excess EV fillers, resulting in the decreased nucleation efficiency and the formation of the nonuniform cell morphology as shown in Figure 6d ,e.
Effect of EV Content on Thermal Properties of Composites
The effect of EV content on the thermal behavior of the foams was analyzed through TGA and DSC. Figure 7a shows the thermograms of the reference foams with different EV contents and of the neat EV. Figure 7b reveals that the initial degradation temperature (T 1 ) takes place at 166 • C. This result corresponds to the decomposition of carbamate group on the main chain of PU at the C-O bond to form isocyanate and polyol. The second degradation temperature (T 2 ) takes place at 289 • C, which illustrates that the intermediates (diphenyl ethyl allophanate) continue to decompose into amines, alkene, and CO 2 [29] . The weight loss around 300 • C corresponds to the decomposition of the hard domain, which takes place at the release of isocyanate, primary and secondary amines, and alcohols. The loss around 400 • C belongs to the degradation of the soft domain, which consists of polyol chains, resulting in the release of a high quantity of carbon dioxide [30] . With the increase in EV content, no significant change occurs in the degradation temperature because EV does not degrade and does not react with PU. The neat EV registers a gradual mass loss between 100 • C and 200 • C, corresponding to the surface and interlayer water, respectively. Table 2 shows the degradation temperatures and the char yield of the foams. A decrease in heat release rate is observed in the second stage of degradation as the EV content increases. This condition is due to the formation of a low thermal conductivity EV char layer on the periphery of foam, which delays the release of heat flow as demonstrated in Figure 7c . This phenomenon is consistent with the results of Gomez-Fernandez et al. [31] .
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The effect of EV content on the thermal behavior of the foams was analyzed through TGA and DSC. Figure 7a shows the thermograms of the reference foams with different EV contents and of the neat EV. Figure 7b reveals that the initial degradation temperature (T1) takes place at 166 °C. This result corresponds to the decomposition of carbamate group on the main chain of PU at the C-O bond to form isocyanate and polyol. The second degradation temperature (T2) takes place at 289 °C, which illustrates that the intermediates (diphenyl ethyl allophanate) continue to decompose into amines, alkene, and CO2 [29] . The weight loss around 300 °C corresponds to the decomposition of the hard domain, which takes place at the release of isocyanate, primary and secondary amines, and alcohols. The loss around 400 °C belongs to the degradation of the soft domain, which consists of polyol chains, resulting in the release of a high quantity of carbon dioxide [30] . With the increase in EV content, no significant change occurs in the degradation temperature because EV does not degrade and does not react with PU. The neat EV registers a gradual mass loss between 100 °C and 200 °C, corresponding to the surface and interlayer water, respectively. Table 2 shows the degradation temperatures and the char yield of the foams. A decrease in heat release rate is observed in the second stage of degradation as the EV content increases. This condition is due to the formation of a low thermal conductivity EV char layer on the periphery of foam, which delays the release of heat flow as demonstrated in Figure 7c . This phenomenon is consistent with the results of GomezFernandez et al. [31] . Figure 8a shows that the EV fillers with lamellar have certain degree of order, and it is not necessary to exfoliate vermiculite into single sheets; this is consistent with the literature [32] . The average particle size calculated by Image Pro Plus software was 21.71 μm. Figure 8b illustrates that EV fillers are wrapped by PU matrix. We can see from Figure 8c that the spectra of bionic composites containing EV did not have any relevant changes, and no new absorptions appeared around 971 cm −1 Figure 8a shows that the EV fillers with lamellar have certain degree of order, and it is not necessary to exfoliate vermiculite into single sheets; this is consistent with the literature [32] . The average particle size calculated by Image Pro Plus software was 21.71 µm. Figure 8b illustrates that EV fillers are wrapped by PU matrix. We can see from Figure 8c that the spectra of bionic composites containing EV did not have any relevant changes, and no new absorptions appeared around 971 cm −1 in the spectrum of bionic composites, which corresponds to Si-O-Si groups. Furthermore, this outcome suggests that there were no remarkable chemical reactions between the filler and the polymeric matrix. Figure 9a ,b show that the changes in compressive modulus and energy absorption efficiency of the bionic composites can be divided into two stages, taking on the trend of rising first and then dropping with the increasing EV content. This finding is consistent with those of previous studies focused on investigating the effects of expandable graphite on PU foams [33] . When a small amount of EV fillers are added, the compressive modulus and energy absorption efficiency of bionic composites increase as a result of the EV fillers being wrapped by PU matrix, which help enhance interfacial adhesion [5] . When the bionic composite is compressed, stress transfers from the matrix to the uniformly dispersed additives. Specifically, 1 wt% of the EV addition showed the best compressive modulus of bionic composites, because of the regular cell morphology and improved interfacial adhesion between EV fillers and PU matrix [34] . In addition, with no more than 1 wt% EV filler, the contact area between fillers and PU matrix increases, which in turn enhances the stress transfer and compression energy absorption efficiency. However, the compressive modulus and energy absorption efficiency decrease slowly when EV fillers are continuously added (>1 wt% EV). This finding is similar to the results previously reported for rigid PU foam filled with glass fiber [33] . This phenomenon can be attributed to two aspects. First, excessive EV fillers are inclined to agglomerate inside the PU matrix, resulting in the decrease of nucleation efficiency and nonuniform cell morphology, as demonstrated in Figure 6 . This outcome, in turn, will cause cell morphology to change from a round to an irregular shape, and even to the collapsed cells, as shown in Figure 9c . Second, aggregated EV fillers not only weaken the interfacial adhesiveness but also thin the cell walls, which in turn not totally wrap the additives by the PU matrix [5] . Consequently, the external stress will not be able to transfer through the bionic composites, and the foams around the fillers will be obliged to bear additional stress [6] . Figure 9a ,b show that the changes in compressive modulus and energy absorption efficiency of the bionic composites can be divided into two stages, taking on the trend of rising first and then dropping with the increasing EV content. This finding is consistent with those of previous studies focused on investigating the effects of expandable graphite on PU foams [33] . When a small amount of EV fillers are added, the compressive modulus and energy absorption efficiency of bionic composites increase as a result of the EV fillers being wrapped by PU matrix, which help enhance interfacial adhesion [5] . When the bionic composite is compressed, stress transfers from the matrix to the uniformly dispersed additives. Specifically, 1 wt% of the EV addition showed the best compressive modulus of bionic composites, because of the regular cell morphology and improved interfacial adhesion between EV fillers and PU matrix [34] . In addition, with no more than 1 wt% EV filler, the contact area between fillers and PU matrix increases, which in turn enhances the stress transfer and compression energy absorption efficiency. However, the compressive modulus and energy absorption efficiency decrease slowly when EV fillers are continuously added (>1 wt% EV). This finding is similar to the results previously reported for rigid PU foam filled with glass fiber [33] . This phenomenon can be attributed to two aspects. First, excessive EV fillers are inclined to agglomerate inside the PU matrix, resulting in the decrease of nucleation efficiency and nonuniform cell morphology, as demonstrated in Figure 6 . This outcome, in turn, will cause cell morphology to change from a round to an irregular shape, and even to the collapsed cells, as shown in Figure 9c . Second, aggregated EV fillers not only weaken the interfacial adhesiveness but also thin the cell walls, which in turn not totally wrap the additives by the PU matrix [5] . Consequently, the external stress will not be able to transfer through the bionic composites, and the foams around the fillers will be obliged to bear additional stress [6] . Figure 10a ,b show the effect of the EV content on the temporal variations of the contact force. First, the contact force increases slowly when the impactor comes into contact with the bionic composite. When the densification stage reaches, the contact force of the impactor increases rapidly until the impactor is stopped by the steel platform. Then, the contact force decreases. The impact energy is dissipated by compressive deformation of the bionic composites [35] . The kinetic energy of the impactor transforms into the deformation energy and the dissipated energy through the bionic composites [36] . In Figure 10c , a comparison of the peak contact force of the bionic composites with various EV content indicates that the front (the side of nylon nonwoven fabric) and back sides of the bionic composites have the same trend in the impact signal curves. The results show that peak contact force decreases initially and then increases with the EV content increasing. In the dynamic impact process, the lower the dynamic contact force, the longer the impact time, the lower impact acceleration, and the better cushioning capability [35] . In addition, the bionic composite having EV content of 1 wt% has the lowest peak contact force, indicating the bionic composite has better cushioning capability. As shown in Figure 9 , compressive modulus and energy absorption efficiency of the bionic composites both decrease when the EV content is higher than 1 wt%. As the EV content continues to increase, the cell morphology becomes more irregular, and interfacial cohesiveness between the EV fillers and PU matrix decreases, which results in attenuation of the energy dissipation capability. Moreover, large amounts of EV fillers begin to aggregate, which attenuates the deformation capacity of foam cell and then affects the stress transfer between the foam cells. Figure 10a ,b show the effect of the EV content on the temporal variations of the contact force. First, the contact force increases slowly when the impactor comes into contact with the bionic composite. When the densification stage reaches, the contact force of the impactor increases rapidly until the impactor is stopped by the steel platform. Then, the contact force decreases. The impact energy is dissipated by compressive deformation of the bionic composites [35] . The kinetic energy of the impactor transforms into the deformation energy and the dissipated energy through the bionic composites [36] . In Figure 10c , a comparison of the peak contact force of the bionic composites with various EV content indicates that the front (the side of nylon nonwoven fabric) and back sides of the bionic composites have the same trend in the impact signal curves. The results show that peak contact force decreases initially and then increases with the EV content increasing. In the dynamic impact process, the lower the dynamic contact force, the longer the impact time, the lower impact acceleration, and the better cushioning capability [35] . In addition, the bionic composite having EV content of 1 wt% has the lowest peak contact force, indicating the bionic composite has better cushioning capability. As shown in Figure 9 , compressive modulus and energy absorption efficiency of the bionic composites both decrease when the EV content is higher than 1 wt%. As the EV content continues to increase, the cell morphology becomes more irregular, and interfacial cohesiveness between the EV fillers and PU matrix decreases, which results in attenuation of the energy dissipation capability. Moreover, large amounts of EV fillers begin to aggregate, which attenuates the deformation capacity of foam cell and then affects the stress transfer between the foam cells. Figure 10c illustrates that the contact force of impact on the front side is lower than that on the back side, caused by the deformation mechanism of bionic composites. Figure 10d ,e indicate that the lower layer foam is prone to deformation because of the lower-density foam. Consequently, when the impactor first comes into contact with the nylon fabric layer, the lower layer foam easily undergoes densification. By contrast, when the impact first occurs in the lower layer foam, the nylon fabric layer is depressed without deformation, as shown in Figure 10f . Therefore, the "fabric skin" of the bionic composites plays an important role in energy absorption, a characteristic that is different from the conventional cushion materials. This difference is mainly due to the unique fabric-foam interface having better integrity and greater rigidity, which results in improved compressive strength [37] . In a previous report, the energy absorption capability of pomelo without epidermis attenuates clearly [38] . In the present study, the bionic composites with nylon fabric skin achieve greater cushioning efficiency. Figure 11 shows that the contact force in the case of hemispheric impactor is bigger compared with that of the flat impactor, reaching 4347 N and 3894 N, respectively, at an EV content of 1 wt% (Figure 11a ). The contact area between the flat impactor and bionic composite remains constant, but continuously changes in the case of the hemispheric impactor, resulting in a more complicated impact process [35] . Figure 11b presents a more significant deformation within the longer duration for the hemispheric impactor, indicating that this impactor enables the local foam to reach a stage of greater deformation. By contrast, the impact stops with a shorter time when the flat impactor is used. Mitrevski et al. carried out a similar research and found that the conical impactor has a longer impact duration and bigger depth than does the hemispheric impactor [39] . In the case of the flat impactor, bionic composites begin to enter the densification stage at 5.3 ms, as shown in Figure 11a . Then, the contact force increases rapidly after 5.3 ms. As time passes, the displacement increases slowly and the corresponding impact velocity decreases significantly, as demonstrated in Figure 11b . The bionic composites are more likely to enter the densification stage in the case of the flat impactor. Figure 11c shows that the impact energy from flat impactor is absorbed by bionic composites within a smaller deformation. Bionic composites can absorb 99% of the impact energy of the flat impactor but only 97% of the hemispheric impactor. Figure 11d shows that bionic composites obtain greater energy absorption capability in the case of hemispheric impactor at a contact force of 1000 N. This discrepancy is mainly due to the local structure of bionic composites, which easily reach the densification stage while other parts are still in plateau stage in the case of hemispheric impactor. Figure 10c illustrates that the contact force of impact on the front side is lower than that on the back side, caused by the deformation mechanism of bionic composites. Figure 10d ,e indicate that the lower layer foam is prone to deformation because of the lower-density foam. Consequently, when the impactor first comes into contact with the nylon fabric layer, the lower layer foam easily undergoes densification. By contrast, when the impact first occurs in the lower layer foam, the nylon fabric layer is depressed without deformation, as shown in Figure 10f . Therefore, the "fabric skin" of the bionic composites plays an important role in energy absorption, a characteristic that is different from the conventional cushion materials. This difference is mainly due to the unique fabric-foam interface having better integrity and greater rigidity, which results in improved compressive strength [37] . In a previous report, the energy absorption capability of pomelo without epidermis attenuates clearly [38] . In the present study, the bionic composites with nylon fabric skin achieve greater cushioning efficiency. Figure 11 shows that the contact force in the case of hemispheric impactor is bigger compared with that of the flat impactor, reaching 4347 N and 3894 N, respectively, at an EV content of 1 wt% (Figure 11a ). The contact area between the flat impactor and bionic composite remains constant, but continuously changes in the case of the hemispheric impactor, resulting in a more complicated impact process [35] . Figure 11b presents a more significant deformation within the longer duration for the hemispheric impactor, indicating that this impactor enables the local foam to reach a stage of greater deformation. By contrast, the impact stops with a shorter time when the flat impactor is used. Mitrevski et al. carried out a similar research and found that the conical impactor has a longer impact duration and bigger depth than does the hemispheric impactor [39] . In the case of the flat impactor, bionic composites begin to enter the densification stage at 5.3 ms, as shown in Figure 11a . Then, the contact force increases rapidly after 5.3 ms. As time passes, the displacement increases slowly and the corresponding impact velocity decreases significantly, as demonstrated in Figure 11b . The bionic composites are more likely to enter the densification stage in the case of the flat impactor. Figure 11c shows that the impact energy from flat impactor is absorbed by bionic composites within a smaller deformation. Bionic composites can absorb 99% of the impact energy of the flat impactor but only 97% of the hemispheric impactor. Figure 11d shows that bionic composites obtain greater energy absorption capability in the case of hemispheric impactor at a contact force of 1000 N. This discrepancy is mainly due to the local structure of bionic composites, which easily reach the densification stage while other parts are still in plateau stage in the case of hemispheric impactor. 
Effect of EV Contents on Compressive Properties of Bionic Composites
Effect of EV Content on the Cushioning Properties of Bionic Composites
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Conclusions
Bionic composites with various EV contents were obtained using the two-step foaming process. The compression, thermal, and cushioning properties were investigated in light of the experimental results. EV contents increased from 0 wt% to 3 wt%, and pore sizes decreased from 110 μm to 68 μm. EV did not react with PU and did not affect the degradation temperature of PU foams under air. However, the release of heat flow decreased as EV contents increased. The changes in compressive modulus, energy absorption efficiency, and cushioning properties of bionic composites can be divided into two stages, taking on the trend of rising first and then dropping with the increasing EV content. The main reason for this outcome is the decrease of nucleation efficiency, resulting in the cell morphology changing from round to irregular shape, and excess fillers are inclined to agglomerate, weakening the cohesiveness of the filler-matrix. In the cushion test, the bionic composite with the columnar lattice structure effectively improved the transmission process of energy dissipation, and the "fabric skin" played an important role in energy absorption. The contact force in the case of the hemispheric impactor was bigger compared with that of the flat impactor. In addition, the bionic composites were more likely to enter the densification stage in the case of the flat impactor. Bionic composites can absorb 99% impact energy of a flat impactor within smaller deformation. 
Bionic composites with various EV contents were obtained using the two-step foaming process. The compression, thermal, and cushioning properties were investigated in light of the experimental results. EV contents increased from 0 wt% to 3 wt%, and pore sizes decreased from 110 µm to 68 µm. EV did not react with PU and did not affect the degradation temperature of PU foams under air. However, the release of heat flow decreased as EV contents increased. The changes in compressive modulus, energy absorption efficiency, and cushioning properties of bionic composites can be divided into two stages, taking on the trend of rising first and then dropping with the increasing EV content. The main reason for this outcome is the decrease of nucleation efficiency, resulting in the cell morphology changing from round to irregular shape, and excess fillers are inclined to agglomerate, weakening the cohesiveness of the filler-matrix. In the cushion test, the bionic composite with the columnar lattice structure effectively improved the transmission process of energy dissipation, and the "fabric skin" played an important role in energy absorption. The contact force in the case of the hemispheric impactor was bigger compared with that of the flat impactor. In addition, the bionic composites were more likely to enter the densification stage in the case of the flat impactor. Bionic composites can absorb 99% impact energy of a flat impactor within smaller deformation. 
